Currently, there are existing technologies for high-temperature waste disposal, which use the resulting gas as fuel for recycling newly formed waste. However, the composition of waste is not constant, and contents of their components are different, thus, the need for fuel gas for burning is not stable. Therefore, such gas is constantly lost. Thus, the purpose of the article is to present the study results of the energy efficiency of high-temperature waste disposal technology, which includes low-temperature separation of the resulting gas mixtures, which allows accumulating fuel products. By means of numerical simulation an analysis of the functioning of energy-technological facility of separation of multicomponent hydrocarbon mixtures with the subsequent optimization of its parameters in order to improve its efficiency and decrease energy costs for waste gasification was performed. For this purpose, the classical approach and generally accepted thermodynamics relations were used, including the Peng-Robinson equation of state for the description of coefficients of heat-physical characteristics of working bodies. The complexity of calculation of multicomponent systems (with three and more components) does not allow application of the state diagrams. Thus, for the simulation of heat-physical characteristics the REFPROP program was employed. The energy efficiency of the proposed technology of energy resources production at waste utilization was shown. The amount of products obtained by the facility is equal to 5.242 kg/hour of the fuel product No. 1 with methane content of 99.98% and 54.76 kg/hour of the fuel product No. 2 with low quantity of methane. This confirms the economic efficiency of such technology of disposal.
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INTRODUCTION
The development of new technologies and manufacturing processes is conditioned by the raise of requirements applied to materials and products made out of them. However, any manufacturing process is accompanied both by the harmful emission in the atmosphere [1] [2] [3] and waste generation [4, 5] leading to heavy metals accumulation in soil [6, 7] . There are many modern technologies of utilization of different sorts of wastes [8] [9] [10] which allow to obtain raw materials for energy generation [11] . However, waste treatment in most cases is reduced down to waste dumping [12] . Since waste decomposition processes take place in limited periods on bounded territories, we observe high intensity of dangerous molecular compositions emission to the atmosphere [12] with the occurrence of unintentional fires [13, 14] , thus, investigations on the assessment of civil protection units' readiness to actions during extreme situations are taken [15, 16] . To avoid dumping of wastes not suitable for recycling, the preferences must be given to high-temperature ways of waste disposal such as incineration, pyrolysis and gasification, because high-temperature waste disposal with the aim of obtaining energy that can be used is a promising and relevant direction. It is important to understand the energy efficiency of high-temperature waste disposal.
In works [18] [19] [20] they have proven experimentally that waste utilization plasma technology application provides synthetic gas with calorie characteristics higher than those at traditional technology usage. In work [21] they have compared energy efficiency obtained at 1400 K temperature regime at waste utilization using processes of plasma and autothermal gasifications. There they have shown that with the existing methods of energy conversion the additional synthetic gas energy output obtained with plasma generators is not able to cover real costs of consumed electrical power. Vegetable and food wastes may be utilized by composting with special mineral additives [22] , by means of decomposition in biogas equipment installations with subsequent thermal treatment of fermented residue in a pyrolysis furnace [23] . However, for unsorted solid municipal wastes such ways of utilization are technologically and economically inexpedient. This is due to the fact that the composition of the waste is not manageable, and the amount of waste depends on seasonality and the number of people in the city (village, etc.). At the same time, energy consumption during the day is not constant. This means that under different conditions a different amount of energy is produced which must be used or accumulated.
High-temperature waste recycling methods application allows obtaining synthetic gas, the composition of which includes not only carbon monoxide (CO) and hydrogen (H 2 ) but also such components as carbon dioxide (CO 2 ), nitrogen oxides (NO x ), a small amount of methane (CH 4 ), ethylene (C 2 H 4 ), etc. The obtained low-calorie gas is used for direct combustion to produce heat both for domestic and electrical power generation needs. Due to the receipt of energy in the immediate vicinity of the place of use, this approach avoids losses during the transportation phase [17] . However, firstly, the resulting low-calorie gas is not enough to ensure the high-temperature disposal of waste, as mentioned above. Secondly, the receipt of waste and its composition is not constant, thus the need for fuel gas for burning is not constant. Also, the average daily and seasonal heat (energy) consumption is not constant. In that, when waste is not received for utilization, this gas is not used, does not accumulate and, therefore, is lost. Then it was proposed to use high-temperature waste disposal technology, which includes low-temperature separation of the resulting gas mixtures, which allows you to accumulate fuel products.
In works [24, 25] authors have proposed the technology of high-temperature waste utilization that allows to avoid the loss of heat and energy (which are occurring with uneven consumption) by creating fuel products suitable for storage and subsequent sale. This technology covers the following processes: thermochemical gasification; plasma post-combustion of produced gases; sharp cooling of gases; preliminary gas cleaning; gas methanation; final cleaning of produced gases; low-temperature separation of synthetic gas into fuel products. In the proposed waste utilization technology the reactor is made up of two chambers, one of which is the gasification reactor, and the other is the plasma reactor ( Fig. 1 ).
At first we carried out the process of high-temperature waste gasification and then the steamgas mixture was processed in the plasma jet. Such stepwise waste treatment reduces energy consumption, due to the fact that in a plasma reactor only the resulting gas, but not the whole mass of solid waste is processed. In the process, air was used as the main gasifying agent. As raw material, municipal solid waste was adopted, for which the average component composition was determined by statistical analysis [26] . After thermochemical gasification of waste, afterburning of exhaust gas in plasma [24] , cooling of this gas [10] , and necessary purification and enrichment of this gas with methane [25] , the synthesis gas obtained enters for low-temperature separation to obtain fuel products of a given quality. As a result of the separation process, liquefied methane, liquefied methane-containing gas and fuel gas for heating, generating electricity or maintaining the gasification process in a thermochemical gas generator are formed. The basic scheme of the process of low-temperature separation of the gas mixture is shown in Fig. 2 [29].
After purification, the gas is dried in the block of adsorption drying (not shown in the scheme) and compressed in the C-1 compressor with a subsequent cooling in the air cooler AC to the ambient temperature. Next, the gas is divided into 3 streams and sent to the heat exchangers HE-1, HE-2, HE-3 for cooling backflow products. After combining all three streams, the gas enters the separator S, where the liquid phase is separated (product No. 2). Then the pressure of the obtained liquid product in the pump P-1 rises to 22 MPa. The gaseous phase from separator S is cooled in the heat exchanger HE-4 and fed to the rectification column RC. From the condenser of the column in the upper part, gaseous product No. 1 is removed, which is a mixture of CO, H 2 , and N 2 . This gas, passing through the expander part of the wave expander compressor (WEC), performs the expansion work, which is used to compress part of the source gas parallel to the C-1 compressor. In the return flow, this gas passes through the HE-5, HE-4 and HE-1 heat exchangers, cooling successively the product No. 3 and the direct flow of the incoming gas. From the reboiler of the RC rectification column, product No. 3 enriched in methane is removed, which is compressed by a pump to a pressure of 22 MPa and heated in the heat exchanger HE-3, after which it can be accumulated as a compressed gas.
The purpose of the article is to present study results on the energy efficiency of such waste utilization technology which includes low-temperature separation of the resulting gas mixtures, which allows to accumulate fuel products.
MATERIALS AND METHODS
By means of numerical simulation an analysis of the functioning of the energy-technological facility of separation of multicomponent hydrocarbon mixtures with the subsequent optimization of its parameters in order to improve its efficiency and decrease energy costs for waste gasification was accomplished.
For this purpose, the classical approach and generally accepted thermodynamics relations, including the Peng-Robinson equation of state for the description of coefficients of heat-physical characteristics of working bodies were used. The complexity of calculation of multicomponent systems (with three and more components) does not allow application of the state diagrams. Thus, for the simulation of heat-physical characteristics the REFPROP program was employed. To solve the system of non-linear equations the Newton-Raphson iteration method was used.
RESULTS AND DISCUSSION
In works [27, 28] authors have proposed the technique of calculation for each element of the low-temperature separation circuit and described initial parameters and assumptions.
The complexity of the processes taking place in the rectification column does not allow creation of both a detailed and relatively simple mathematical model for rectification column parameters calculation. Thus, we use a black box model to describe rectification column functioning. We set multicomponent flow in the inlet of the rectification column with the known temperature T RC_IN , pressure P RC_IN and consumption G IN . With such initial data the set of subprograms designed for the calculation of coefficients of heat-physical characteristics of working bodies allows to obtain mass and molar composition of steam and liquid phases of the flow supplied in the inlet of the rectification column together with specific enthalpy of the flow. For the mathematical model of the rectification column we used the following assumptions [27] :
-the value of hydraulic losses in the rectification column is taken to be equal to zero; -the heat exchange between structural elements of the rectification column is neglected; -the pressure inside the column cube is taken to be higher than the one inside the condenser;
-the value of the rectification column feed pressure is taken to be in between the values mentioned above;
-the adjustment of the component composition of the products is made both by heat supply in the reboiler and heat removal in the condenser.
To describe the functioning of the rectification column we may use the following system of equations: 
where g L_OUT , g V_OUT are consumption values in the rectification column outlet for single-phase liquid and gas products, correspondingly; i m is specific enthalpy of multicomponent mixture calculated for the given composition by means of the set of subprograms designed for the calculation of heat-physical characteristics coefficients; T L_OUT , P L_OUT are temperature and pressure values, correspondingly, for liquid product in the reboiler outlet; T V_OUT , P V_OUT are temperature and pressure values, correspondingly, for gas product in the condenser outlet; Q RB is heat supplied for the reboiler; Q COND is heat removed from the condenser.
Component compositions of the inlet and outlet products are connected with the following system of equations: The calculation of rectification column parameters is made by the method of successive approximations [27] . Depending on the required value of mass content of the component the set of iterations is accomplished for given values of pressure inside the reboiler and condenser by means of the set of subprograms designed for the calculation of coefficients of heat-physical characteristics of working bodies. The initial value of mass content of steam and liquid phases is found using the column inlet parameters. Then for each iteration the system of equations (2) is recalculated for varying values of temperature inside the reboiler T L_OUT and condenser T V_OUT . The calculation process is completed when the previously set mass content value is obtained for certain component with the required accuracy. After that they calculate the values of heat supply in the reboiler Q RB , heat removal from the condenser Q COND , and mass consumption of liquid and gas phases.
Using the set of subprograms designed for the calculation of coefficients of heat-physical characteristics of working bodies based on the Peng-Robinson equation of state [27] we calculate mass composition of liquid and gas phases: g CO_14 , g H 2 _14 , g CO 4 _14 , g N 2 _14
= f 6 (P 13 , T 13 , g CO_13 , g H 2 _13 , g CH 4 _13 , g N 2 _13 ),
g CO_15 , g H 2 _15 , g CO 4 _15 , g N 2 _15
= f 6 (P 13 , T 13 , g CO_13 , g H 2 _13 , g CH 4 _13 , g N 2 _13 ).
According to the results of calculations, three flows of energy resources may be obtained. The flows with a high mass content of methane of 91.53% (control section 28, Fig. 2 ) and 83.48% (control section 27, Fig. 2 ) are compressed products and they may be used both as motor fuel (analogue of compressed automobile natural gas). The gas flow obtained in control section 26 ( Fig. 2) is suitable for maintaining the process of gasification of waste (Table 1) .
It is obvious that the proposed scheme of the low-temperature separation of multicomponent hydrocarbon mixtures satisfies conditions of the task. Yet a more efficient alternative may be found. For example, according to the results in the condenser of the rectification column RC it is required to use the refrigerant with the temperature less than -182 0176C allowing to remove heat power of 2.836 kW. Liquid nitrogen meets requirements on temperature level. At normal conditions the value of hidden evaporation heat is equal to Ψ = 197.6 kJ/(kg·K), then refrigerant consumption is equal to 51.7 kg/hour. Liquid nitrogen usage can be excluded if the condenser is not included in the composition of the column. Then the costs value will decrease. However, in such case, as it may be proven with the numerical simulation results, there will be no opportunity to separate the whole amount of methane from the "top" flow. The scheme of such alternative Fig. 3 . The scheme of low-temperature gas separation with the rectification column without a condenser of the low-temperature gas separation facility is shown in Fig. 3 .
The amount of products obtained by the facility is equal to 5.242 kg/hour of the product No. 1 with methane content of 99.9% (CH 4 -99.9%, H 2 -0%, CO -0.09%, N 2 -0.01%) and 54.76 kg/ hour of the product No. 2 with a low content of methane (CH 4 -36.49%, H 2 -19.69%, CO -31.06%, N 2 -12.76%). If the scheme shown in Fig. 3 is implemented, the product will be released as a pure methane in compressed shape.
To accomplish energy assessment of the expedience of application of the low-temperature gas separation technology realized on the scheme with the rectification column without a condenser, comparative calculations for approximate productivity of municipal solid wastes recycling equal to 1.6 ton/day (66.8 kg/ hour, 529 ton/year) were made.
During realization of the proposed scheme the following products may be obtained: liquefied or gaseous methane under pressure equal to 25 MPa -16.8 kg/day; fuel gas -37.1 kg/hour; slag -6.68 kg/hour.
A lower heating value of the fuel is an additive function defined as the sum of heating values of combustive components of fuel [27] . The values Electrical energy in gas-turbine cycle, kWh/ton of raw materials 489.18
Slag, ton per 1 ton of raw materials 0.10 of parameters on the amount of generated energy are shown in Table 2 .
Calculation results show that a lower heating value of produced gas is equal to 9467 kJ/m 3 . Fuel gas is directed into the steam generator or combustion chamber, then it is sent to the electrical energy generation turbine. Two ways of electricity production were considered: the first one for the steam cycle, the second one for the direct fuel combustion using a gas turbine. When the steam cycle is applied, it is considered that the steam generator efficiency is equal to 90%, and steam cycle efficiency is equal to 32%. The obtained amount of electrical energy is equal to:
where q FG is lower heating value of the fuel gas; η SG is steam generator efficiency; η SC is steam cycle efficiency. When electrical energy is generated at the gas-turbine equipment, it is considered that heat energy losses are equal to 10%, and gas-turbine equipment efficiency is equal to 50%.
The obtained amount of electrical energy is equal to:
where η GTC is gas-turbine cycle efficiency. Calculation results prove that the amount of electrical energy generated on proposed technology using 1 ton of raw materials is equal to 348 kWh and 489 kWh in steam and gas-turbine cycles, correspondingly. 2. The use of waste utilization technology, which includes the stage of low-temperature separation of the resulting gas mixtures, allows to compensate daily and seasonal irregularities of electrical energy and heat consumption by means of manufacturing fuel products suitable for storage and subsequent realization. 
